Quinine has been employed in the treatment of malaria for centuries and is still used against severe Plasmodium falciparum malaria. However, its interactions with the parasite remain poorly understood and subject to debate. In this study, we used the Saccharomyces cerevisiae eukaryotic model to better understand quinine's mode of action and the mechanisms underlying the cell response to the drug. We obtained a transcriptomic profile of the yeast's early response to quinine, evidencing a marked activation of genes involved in the low-glucose response (e.g., CAT8, ADR1, MAL33, MTH1, and SNF3). We used a low inhibitory quinine concentration with no detectable effect on plasma membrane function, consistent with the absence of a general nutrient starvation response and suggesting that quinine-induced glucose limitation is a specific response. We have further shown that transport of [ 14 C]glucose is inhibited by quinine, with kinetic data indicating competitive inhibition. Also, tested mutant strains deleted for genes encoding high-and low-affinity hexose transporters (HXT1 to HXT5, HXT8, and HXT10) exhibit resistance phenotypes, correlating with reduced levels of quinine accumulation in the mutants examined. These results suggest that the hexose transporters are facilitators of quinine uptake in S. cerevisiae, possibly through a competitive inhibition mechanism. Interestingly, P. falciparum is highly dependent on glucose uptake, which is mediated by the single-copy transporter PfHT1, a protein with high homology to yeast's hexose transporters. We propose that PfHT1 is an interesting candidate quinine target possibly involved in quinine import in P. falciparum, an uptake mechanism postulated in recent studies to occur through a still-unidentified importer(s).
Cinchona alkaloids have been used in the treatment of malaria since the 17th century. Quinine (QN) (6Ј-methoxycinchonidine), the active ingredient of the cinchona bark, remained the antimalarial drug of choice until the 1940s, when more-effective and safer drugs took over, namely, the synthetic 4-aminoquinoline, chloroquine. However, following widespread development of chloroquine resistance in Plasmodium falciparum (the most virulent parasite, responsible for fatal malaria in humans), QN reemerged as an important antimalarial drug. QN is the mainstay for treatment of severe and complicated chloroquine-resistant falciparum malaria (1), notwithstanding its slow but gradual loss of efficacy (59) . QN and especially its diastereomer quinidine are also used as antiarrhythmic compounds as a result of the drugs' blocking action on human cardiac potassium channels (15, 47) . Understandably, the effects of these drugs in human cells are better understood than those in the Plasmodium parasite, where the antimalarial mode of action and mechanisms of resistance to QN remain unclear. It has been suggested that QN shares some common features with other quinoline antimalarial drugs, such as chloroquine, that kill the parasite by inhibiting heme detoxification in the parasite's digestive vacuole (43, 49) . Also, although it is believed that QN accumulates in the acidic digestive vacuole of parasites as a result of passive distribution according to intracellular pH gradients (52, 56) , due to its weak basic character, there is a scant supply of biochemical data available on the factors that determine QN accumulation by P. falciparum parasites. However, recent studies have demonstrated that this passive transport across the plasma membrane can make up only a small fraction of the drug accumulated by Plasmodium parasites, suggesting that a carrier-mediated import system is probably involved (43) . Interestingly, QN has been shown to be both a substrate and an inhibitor of the human multidrug efflux pump P glycoprotein and of its P. falciparum homologue, the PfMDR1 gene product (18, 42) .
We used the yeast Saccharomyces cerevisiae to investigate the global mechanisms of QN action. After more than a decade of postgenomic research, the unicellular eukaryote S. cerevisiae provides a powerful model system to increase our understanding of the effects and targets of drugs and drug resistance mechanisms on more complex and less accessible organisms. Genome-wide expression analyses in yeast have been successfully used to assess the cellular and molecular changes imposed by antimalarials, anticancer drugs, fungicides, herbicides, etc. (7, 20, 50) . Previous studies of yeast have identified a number of cellular processes that are affected by quinoline antimalarial drugs (7, 53, 54) . It has been shown by our group that quinidine strongly impairs potassium uptake and accumulation in yeast cells, providing a physiological advantage for cells under quinidine-induced stress (53) . It was also demonstrated that quinidine affects the homeostasis of intracellular pH, whose main-tenance within a permissive range for the functionality of pHsensitive cellular processes is crucial to cell physiology (53, 54) . Another interesting study of yeast uncovered a relationship between chloroquine toxicity and iron acquisition and demonstrated that chloroquine is a competitive inhibitor of iron uptake and accumulation (7) . Furthermore, genes of the iron uptake pathway are activated at the diauxic shift under the control of the Snf1 kinase (16) , one of the main regulators of glucose-repressed genes.
In this study, we performed transcriptional profiling of the yeast response to a QN concentration that exerted a very slight effect on cellular growth. Among the genes that were overexpressed in response to QN, a significant number are involved in carbohydrate transport and metabolism, mimicking the yeast response to glucose limitation (5, 23, 60) . In line with these results, the uptake of glucose was shown to be inhibited by QN. We tested a number of membrane hexose transporter deletion mutants with a resistance phenotype for QN and found that these mutant cells show reduced levels of drug accumulation. Our results suggest that QN may be imported into the cell by several membrane transporters, including (but not exclusive to) a number of hexose transporters, thereby competitively inhibiting glucose uptake into the cell. The possible implications of these results in a P. falciparum context are also discussed.
MATERIALS AND METHODS
Strains and growth media. The haploid parental strain Saccharomyces cerevisiae BY4741 (MATa his3⌬1 leu2⌬0 met15⌬0 ura3⌬0) and the EUROSCARFderived mutant strains described in Table 1 were used, with the indicated open reading frames (ORFs) individually deleted with the kanMX cassette. Cells were batch cultured at 30°C with orbital agitation (250 rpm). The minimal growth medium, MM4 (pH 4.5), used for cultivation of BY4741 and derived deletion mutants, contained (per liter) 1.7 g yeast nitrogen base without amino acids or NH 4 ϩ (Difco Laboratories, Detroit, MI), 20 g glucose, 2.65 g (NH 4 ) 2 SO 4 , 20 mg methionine, 20 mg histidine, 60 mg leucine, and 20 mg uracil, all from Sigma (Spain). This basal medium was supplemented or not with adequate concentrations of the antimalarial drug QN (from Sigma). YPD solid medium contained (per liter) 20 g glucose, 20 g yeast extract (Difco), 10 g BactoPeptone (Difco), and 20 g of agar (IberAgar SA, Barreiro, Portugal).
Sample preparation and hybridization to Affymetrix GeneChips. Cells of S. cerevisiae BY4741 grown in MM4 medium were harvested in mid-exponential phase (standardized optical density at 600 nm [OD 600 ] ϭ 0.5 Ϯ 0.05) and reinoculated into fresh medium supplemented or not with 3.1 mM (1 g ⅐ liter
Ϫ1
) of QN dissolved in ethanol (final concentration, 0.7% [vol/vol] ). After a 15-min incubation in the absence (sample A) or presence (sample B) of the antimalarial drug, cells were harvested, immediately frozen in liquid nitrogen, and kept at Ϫ80°C until RNA extraction. Total RNA extraction was performed according to the hot phenol method (25) . RNA was processed for use on Affymetrix (Santa Clara, CA) Yeast Genome S98 GeneChip arrays according to the manufacturer's instructions. Briefly, RNA quality and quantity were assessed with an RNA 6000 nanoassay (Agilent Technologies, Palo Alto, CA) using an Agilent Technologies 2100 bioanalyzer with Biosizing software. Eight micrograms of total RNA was used in a reverse transcription reaction (Superscript II reverse transcriptase kit; Invitrogen, Carlsbad, CA) to generate first-strand cDNA. After second-strand synthesis, also accomplished using the Superscript II reverse transcriptase kit, double-stranded cDNA was purified with the GeneChip Sample CleanUp module (Affymetrix). Double-stranded cDNA was then used in an in vitro transcription reaction to generate biotinylated cRNA through the Enzo BioArray High Yield RNA transcript labeling kit (Enzo Diagnostics, Farmingdale, NY). After purification, achieved using the GeneChip Sample CleanUp module (Affymetrix), and subsequent fragmentation, the cRNA quality and its level of fragmentation were assessed using an Agilent 2100 bioanalyzer (Agilent Technologies). Fifteen micrograms of fragmented cRNA was used in a 300-l hybridization cocktail containing added hybridization controls. Two hundred microliters of mixture was hybridized on arrays for 16 h at 45°C. Standard posthybridization wash and double-stain protocols (EukGE-WS2v4) were used on an Affymetrix GeneChip Fluidics Station 400. Arrays were scanned on an Affymetrix GeneChip 2500 scanner.
Microarray data analysis. Scanned microarrays were analyzed in a first step using the Affymetrix MAS 5.0 software program in order to determine absent/ present calls and to ensure that all quality parameters were within the recommended range. For subsequent analysis, the dChip 1.3 software program (http: //www.dchip.org; Cheng Li laboratory, Harvard University) was used. The following conditions were applied to ensure the reliability of the analyses. First, each GeneChip experiment was performed with biological replicates. Replicate data for the same sample were weighted genewise by using inverse squared standard errors as weights; second, normalized CEL intensities of a total of 10 arrays were used to obtain model-based gene expression indices based on a perfect match-only model (29) . Four arrays, corresponding to two replicates of each condition under study, were analyzed. The remaining six arrays were used only to build the reference model. Only genes called "present" in at least one of the arrays and within replicate arrays with a variation of 0 Ͻ median (standard deviation/mean) Ͻ 0.5 were kept for downstream analysis. Thus, genes called "absent" in all arrays and genes with inconsistent expression levels within replicate arrays were excluded. Finally, all genes compared were considered to be differentially expressed if they were called "present" in at least one of the arrays and if the 90% lower confidence bound of the n-fold change between the experimental and baseline levels was above 1.2. Using these criteria, only median expression changes above 2.0 or below Ϫ2.0 were considered in the analysis of the transcriptional response to QN carried out in this study.
The genes up-and downregulated in response to QN were clustered according to biological process gene ontology assignments and subsequent manual adjustment according to Saccharomyces Genome Database reports (www.yeastgenome.org). The main functional clusters of up-or downregulated genes were identified using a hypergeometric statistical test with a Bonferroni correction for multiple testing (software available online; GOToolBox [http: //burgundy.cmmt.ubc.ca/GOToolBox/] [33] ). The documented regulators of genes whose transcript levels are altered in response to QN and the respective regulatory associations were obtained using the YEASTRACT available tools (www.yeastract.com [51] ).
QN susceptibility assays. Susceptibilities of the BY4741 parental strain and selected derived deletion mutant strains (listed in Table 1 ) to QN were assessed by spot assays and/or batch cultivation. Cell suspensions used to inoculate the agar plates or the liquid medium were grown to mid-exponential phase without drugs at 30°C with orbital agitation (250 rpm) in MM4 medium until a culture OD 600 of 0.5 Ϯ 0.05 was reached. Growth curves were followed by measuring the culture OD 600 and the concentration of viable cells, assessed as the number of CFU after a 2-day incubation at 30°C. The cellular suspensions used to prepare the spot assays were grown to mid-exponential phase (OD 600 ϭ 0.5 Ϯ 0.05) and diluted to a standardized OD 600 of 0.025 Ϯ 0.005. These cell suspensions and two subsequent dilutions (1:5 and 1:10) were applied as 4-l spots onto the surface of MM4 agarized medium supplemented with adequate concentrations of QN. Plates were incubated at 30°C for 2 to 5 days, depending on the severity of growth inhibition.
␤-Galactosidase activity assays. The level of expression for HXT7 was tested during growth with or without 3.1 mM QN and was estimated based on the ␤-galactosidase activity of the HXT7-lacZ fusion plasmid, a kind gift from Eckhard Boles (Dusseldorf University, Germany). The lacZ reporter fusion plasmid was introduced in parental BY4741 cells using the lithium acetate method of Gietz et al. (13) with minor modifications. Transformed cells were cultivated in medium supplemented or not with QN, and growth was followed. Culture samples were harvested at adequate time intervals, and cells were filtered and kept at Ϫ20°C until used to assay ␤-galactosidase activity, described as being the enzyme-specific activity units-Miller units and defined as the increase in the A 420 min Ϫ1 (OD 600 ) Ϫ1 ϫ 1,000 (6).
Assays of glucose transport. Initial glucose uptake rates were determined with radiolabeled d-[U- 14 C]glucose (GE Healthcare, United Kingdom, 299 mCi ⅐ mmol Ϫ1 and 11.1 GBq ⅐ mmol
) and using a methodology previously described with minor alterations (10, 48) . Briefly, cultured cells were grown aerobically in shaking flasks to exponential phase in MM4 medium. The cells were harvested, washed with 5 ml ice-cold TM buffer (0.1 M morpholineethanesulfonic acid, 41 mM Tris, pH 5.5), and resuspended to a density of 3 ϫ 10 
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The filters were transferred to scintillation vials containing 7 ml liquid scintillation cocktail Ultima Gold MV (Perkin-Elmer), and radioactivity was measured in a Beckman LS 5000TD scintillation counter. Transport rates were obtained in triplicate for each sugar concentration. The control time values (0 s) were obtained in a similar manner, but the [ 14 C]glucose solutions were diluted in ice-cold water before addition of the cell suspensions. The results from at least three independent experiments were fitted to the Michaelis-Menten model by using computational assisted nonlinear regression (Origin; OriginLab Corporation). Kinetic parameters were estimated from this analysis or from EadieHofstee plots. For inhibition studies, solutions of 100ϫ-concentrated QN were mixed with radiolabeled glucose in the respective assay tubes, and the reactions proceeded as described above. The entire glucose concentration range (0.5 mM to 200 mM) was tested with or without 4.6 mM (1.5 g ⅐ liter
Ϫ1
) QN. Alternatively, uptake of 25 mM [ b -, susceptibility identical to that of the wild-type strain; S, Sϩ, and Sϩϩ, increased susceptibility levels compared to that of parental strain BY4741. R and Rϩ, decreased susceptibility levels compared to that of parental strain BY4741.
VOL. 53, 2009 QUININE-INDUCED GLUCOSE UPTAKE INHIBITIONuntil a culture OD 600 of 0.5 Ϯ 0.05 was reached. QN was added to a final concentration of 3.1 mM, and incubation proceeded for an additional period of 15 min. Cells were collected by filtration, washed three times with 10 ml ice-cold water, and resuspended in 10% perchloric acid-2 M sodium methanesulfonate. An equal volume of acid-washed glass beads was added, and the cell suspensions were disrupted by three cycles of 1-min vortexing followed by 1 min on ice. The acid-soluble supernatants were collected by centrifugation at maximum speed for 5 min. The fluorescence emission spectra of QN were detected in a Varian Cary Elipse fluorescence spectrophotometer. Samples were excited at 350 nm, and emission was recorded from 380 nm to 520 nm; QN peaks were detected at ϳ450 nm. Spectra obtained from samples derived from controls without QN were subtracted to eliminate the background signal and were normalized to the cellular OD 600 . Results from at least three independent experiments are shown. Nucleotide sequence accession number. The entire set of microarray data is deposited in the GEO public database with the accession number GSE18037.
RESULTS
Genome-wide transcriptional alterations of S. cerevisiae in response to mild QN-induced stress. In this study, we have examined the early global transcriptional response of yeast to QN following 15 min of exposure to a very moderately toxic QN concentration (3.1 mM). The exposure of an unadapted population of S. cerevisiae in the exponential phase of growth to 3.1 mM QN results in a very slight inhibition of the specific growth rate (Fig. 1) . No detectable reduction of cellular viability was registered in response to a sudden addition of the antimalarial drug, and no period of adaptation to QN stress was observed.
The transcriptomic profile yielded 156 genes that were differentially expressed in response to QN (applying a twofold threshold cutoff), out of which 80 were transcriptionally activated and 76 were downregulated (see Tables S1 and S2 in the supplemental material). In total, less than 3% of the annotated genome's transcripts were significantly changed. A marked percentage of both data sets (26% of the activated genes and 13% of the repressed genes) corresponds to uncharacterized ORFs or genes with poorly known functions. The remaining genes were clustered in functional categories based on known or inferred biological functions (see Tables S1 and S2 in the supplemental material) (Fig. 2) . The genes that are upregulated by QN were grouped into four distinct functional categories: nutrient and energy metabolism, regulation of metabolism, membrane transport, and signal transduction. A similar analysis of the downregulated genes revealed an effect on processes of cell growth and/or maintenance, macromolecule me- tabolism, and nucleobase, nucleoside, nucleotide, and nucleic acid metabolism. A GOToolBox analysis (33) of the upregulated gene data set identified three functional categories that are significantly enriched compared to the entire yeast genome (Fig. 3) , namely, "carbohydrate transport" (P ϭ 7 ϫ 10 Ϫ6 ), "carbohydrate metabolism" (P ϭ 0.006), and "monocarboxylic acid metabolic process" (P ϭ 2 ϫ 10 Ϫ3 ). The first class includes genes that encode sugar membrane transporters (HXT2, HXT4, HXT6, HXT7, MAL11, and MAL31) and a member of the glucosesensing signal transduction pathway (MTH1). The activation levels of HXT7, a high-affinity hexose transporter gene that is highly expressed at the transcriptional level under low-hexose conditions but is strongly repressed under high-glucose concentrations (62), were determined under QN stress. Consistent with the microarray data, HXT7 transcription was strongly activated following yeast cell exposure to 3.1 mM QN, as indicated by ␤-galactosidase assay of an HXT7-lacZ reporter fusion plasmid (Fig. 4) . Moreover, HXT7 expression increased during the exponential phase of growth under QN stress, reaching an eightfold change by the end of the exponential phase.
The enriched "carbohydrate metabolism" category includes genes encoding transcription factors that are involved in the low-glucose response (ADR1, GAL4, HAP4, and CAT8) and genes implicated in metabolism of glycogen (GSY1, GLG1, and GLC3), isocitrate (ICL1), citrate (CIT3), trehalose (ATH1), succinate (SDH2), and fructose bisphosphate (PFK27). The third enriched category, "monocarboxylic acid metabolic process," again includes the transcriptional activator CAT8, as well as genes involved in metabolism of acetate (ALD6), citrate and isocitrate (CIT3 and ICL1), and pyruvate (PYK2). Conversely, among the genes downregulated in response to QN, the classes "ribosome biogenesis and assembly" (P ϭ 3 ϫ 10 Ϫ36 ) and "RNA metabolism" (P ϭ 2 ϫ 10 Ϫ11 ) were enriched (Fig. 3) , which is a typical feature of the yeast general stress response (12) . In fact, ca. 80% of the genes that are downregulated under QN stress (see Table S2 in the supplemental material) are also downregulated in response to several other stresses, being part of the environmental stress response program (12) .
QN induces glucose limitation response. A considerable number of the genes found to be upregulated in response to QN (see Table S1 in the supplemental material) are usually activated under glucose limitation and are involved in the metabolism of alternative carbon sources and mobilization of energy reserves. In particular, the upregulation of a number of transcription factors involved in glucose derepression was observed. These include Cat8p and Adr1p, implicated in the regulation of a large number of genes required for the catabolism of nonfermentable carbon sources (17, 63) . Similarly, Gis1p is involved in the expression of genes that control a broad range of adaptive mechanisms in response to nutrient limitation (39), while Gal4p and Mal33p regulate genes implicated in the utilization of galactose (4, 22) and maltose (9), respectively. Hap4p is a subunit of a glucose-repressed complex that is a global regulator known to activate genes expressed abundantly in aerobically growing cells (46) . Among these transcription factors, Cat8p, Gal4p, and Hap4p are all gene targets of Mig1p, a transcriptional repressor with a central role in catabolite repression by glucose (11) . Furthermore, the information and tools gathered in the YEASTRACT da- tabase (51) revealed that the documented gene targets of these regulators represent a large percentage of the QN-upregulated data set, more specifically, 13% for Cat8p, 4% for Gal4p, 24% for Hap4p, and 14% for Mig1p. Other important regulators of the upregulated data set known to be involved in the response to limiting glucose concentrations include Adr1p (30%), Nrg1p (25%), Nrg2p (19%), Mig2p (10%), Mig3p (4%), and Gis1p (6%). There are several other glucose signaling and transport pathway elements that are upregulated in QN-exposed cells, namely, Snf3p, a plasma membrane glucose sensor that regulates glucose uptake (36); Mth1p, a protein that negatively regulates the glucose-sensing signal transduction pathway (28); Sks1, a putative serine/threonine protein kinase which is involved in the adaptation to limiting concentrations of glucose independently of the Snf3p-regulated pathway (61); and Csr2p, a nuclear protein with a potential regulatory role in the utilization of galactose and other nonfermentable carbon sources (24) . Significantly, the four hexose transporters that form the moderate-and high-affinity glucose uptake system (Hxt2p, Hxt4p, and Hxt6/7p [32] ) all showed different levels of activation in response to QN (see Table S1 in the supplemental material).
Using the information compiled in the YEASTRACT database (51) and the upregulated data set as input, we obtained a network of transcriptional associations for the regulators that had a previously described role in the glucose limitation response (Fig. 5a) . The cellular response to QN treatment may thus follow a hypothetical chain of regulation comprising these regulators, where Mig1p is a central player, with a repression effect on several other network elements. Mig2p is a Mig1p paralogue with a similar role in glucose repression, as is Mig3p, but with a more modest contribution (31) . MTH1 and SNF3 expression is repressed by glucose due to the combined action of Mig1p, Mig2p, and Mig3p, a repression that is turned on when high concentrations of glucose are available. Nrg1p is involved in the repression of several glucose-repressed genes and interacts physically with Snf1, a protein kinase essential for transcription of glucose-repressed genes in S. cerevisiae and involved in utilization of alternative carbon sources and gluconeogenesis (55); NRG1 transcript levels are elevated in response to glucose limitation or growth in nonfermentable carbon sources (3) .
This entire set of experimental results suggests that QN induces a glucose limitation response, further corroborated by the observation that increasing the glucose concentration in the growth medium to 3% alleviated the yeast growth inhibition phenotype induced by 5.2 mM QN in solid medium (Fig. 5b) .
Deletion of hexose transport-related genes increases yeast resistance to QN. A phenotypic analysis of deletion strains for various genes of interest (Table 1) , including several that were upregulated in response to QN, as well as deletion strains for genes encoding proteins involved in low-glucose regulatory pathways, was performed. Among the strains tested, those deleted for HAP2 and MIG2 (involved in repression of gene expression by high levels of glucose); CRZ1, SKO1, and STP2 (implicated in regulation of metabolic processes); PHO2 and Table S1 in the supplemental material and on the documented regulatory associations between transcription factors and their target genes, as compiled in the YEASTRACT database (www.yeastract.com) (51) . The entire upregulated data set was entered as target genes and grouped according to the respective regulators. Only transcription factors that have been described in the literature as regulators under glucose-limited conditions were included in the model network, together with MTH1 and SNF3, two target genes (white boxes) of the glucose-sensing pathway that are activated in response to QN. Documented associations may be direct, e.g., immunoprecipitation experiments (solid lines), or indirect, e.g., microarray data (dashed lines). The percentage of genes regulated by each transcription factor relative to the total number of genes in the data set is shown. The light-gray boxes indicate transcription factors that are included in the QN-upregulated data set. (b) The growth inhibition phenotype of S. cerevisiae cells induced by QN is reverted upon supplementation of medium with glucose. Suspensions of BY4741 parental strain cells grown to mid-exponential phase in basal medium were serially diluted and spotted on QN-containing MM4 plates, supplemented or not with 1% glucose (for a final 3% concentration). OD 600 s of cell cultures, from top to bottom, were 0.025, 0.005, and 0.0025.
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YAP1 (involved in particular in response to phosphate starvation and oxidative stress, respectively); and MUP3, PHO88, and PHO89 (encoding membrane transporters for methionine or inorganic phosphate uptake) were found to exhibit different degrees of increased susceptibility to QN (Table 1 ). In contrast, increased resistance to QN was observed in strains with single eliminations of several genes, such as of GAL4 or NRG2. Deletion of the signal transducers encoded by the genes SKS1 and SNF3, both involved in adaptation to low-glucose conditions via independent signaling pathways, also resulted in increased resistance to QN. Interestingly, the transmembrane Snf3p protein is a glucose sensor required for induction of HXT2 and HXT4 under glucose-limited conditions. Most remarkably, the same resistant phenotype was observed for strains deleted for genes encoding the hexose transporter proteins Hxt1p, Hxt2p, Hxt3p, Hxt4p, Hxt5p, Hxt8p, and Hxt10p (Fig. 6) . Because HXT6 and HXT7 encode nearly identical proteins, differing in only two amino acids over the entire sequence, deletion strains for these transporters were not available in the EUROSCARF collection for testing. These results, taken together with what has been described so far, suggest that while these hexose transporters can be targets of QN, leading to inhibition of glucose uptake, it is also possible that they are involved in the uptake of QN into the yeast cell in competition with glucose import. Glucose uptake is inhibited by QN. The kinetics of uptake of glucose into yeast cells challenged with QN were examined. To that effect, patterns of d-glucose uptake were obtained using 14 C-labeled d-glucose with S. cerevisiae parental-strain cells grown in 2% glucose medium and harvested from mid-exponential cultures. Initial uptake of [ 14 C]glucose was measured in the presence of QN in cells that had been incubated for 5 min at 30°C in the presence or absence of 4.6 mM QN. This higher drug concentration was increased from the 3.1 mM concentration used for the microarray experiments in order to account for the high cellular density required for the glucose uptake assays. Indeed, due to the poor solubility of QN in aqueous buffers, 4.6 mM is the maximum QN concentration that could be assayed in these experiments. For all conditions tested, the kinetics of glucose uptake were of the Michaelis-Menten type, and QN inhibited glucose uptake (Fig. 7) . Remarkably, the calculated kinetic parameters point to a competitive inhibition of glucose uptake by QN in the cells that were incubated with drug and glucose simultaneously for only 5 s. Specifically, the maximum glucose uptake rates (V max ) were 16.6 Ϯ 2.6 or 16.8 Ϯ 3.2 mol ⅐ h Ϫ1 ⅐ 10 Ϫ8 cells in the absence or presence of drug, respectively, while the affinity coefficient K m was increased from 26 Ϯ 0.7 mM (for control cells) to 55.5 Ϯ 2.1 mM (for cells with QN). However, when the cells were preincubated with the drug for 5 min before starting the uptake assay, the kinetics of glucose inhibition by QN were characteristic of a mixed inhibition. Under these conditions, the decrease in the V max was higher, reaching 11.1 mol ⅐ h Ϫ1 ⅐ 10 Ϫ8 cells, while the K m parameter also reached 51.9 mM (Fig. 7) . These observations might be indicative of both competitive and noncompetitive effects of QN on glucose uptake. This mixed kinetics is probably related to an additional effect of the lipophilic QN over plasma membrane organization, thus affecting the function of the embedded hexose transporters. Indeed, we also performed these experiments following a 15-min preincubation with QN, with the objective of mimicking the glucose inhibitory effect registered for the microarray experiments, but observed that the Michaelis-Menten analysis for the longer incubation period yielded kinetic parameters similar to those calculated for the 5-min preincubation (data not shown).
When the initial uptake of 25 mM [ 14 C]glucose was determined in the presence of different QN concentrations for 5 s, the uptake rate was decreased with a dose-dependent effect up to 2.5 mM QN (Fig. 8) .
Deletion of Hxt1p or Hxt2p leads to reduced accumulation of QN. The demonstration that QN inhibits glucose uptake, presumably competitively during the first seconds of QN challenge, led us to again focus on the hexose transporters as putative facilitators of uptake of QN into the cell. To determine whether the resistance phenotype exhibited by the strains deleted for genes encoding each hexose transporter (Fig. 6 ) can be correlated with a reduced QN accumulation in the yeast cell, the levels of QN intracellular accumulation following a 15-min incubation with 3.1 mM QN were compared for the parental strain and for the ⌬hxt1 and ⌬hxt2 deletion mutant strains based on QN fluorescence. Utilization of isotopically labeled QN for these intracellular accumulation assays proved to be highly unreliable due to detectable QN precipitation, both in the low-volume reaction mix and on the filter. This fact led us to adapt and use a methodology based on fluorescence spectroscopy for the quantitative measurement of QN. This approach allowed the use of cellular suspensions under the same conditions used for the microarray experiments, where the larger volumes of cell suspensions used and the whole experimental design reduced the impact of experimental variation due to the low solubility of QN. For the deleted genes, we chose HXT1 and HXT2 since they represent the low-and moderate-to high-affinity glucose transporters, usually expressed under different conditions. The mutant cells, which display a marked resistance phenotype for QN (Fig. 6) , were found to accumulate less drug intracellularly than the parental strain cells. Specifically, the accumulation levels of QN were approximately 20% lower in the mutant cells devoid of each hexose transporter (Fig. 9) .
DISCUSSION
QN was the first effective treatment against malaria and is still used today against severe Plasmodium falciparum malaria. But in spite of centuries of successful use, the antimalarial mode of action and the mechanisms underlying the emergence of resistance to QN are still a field of debate and active research. Studies of Plasmodium quinoline-resistant strains have led to various hypotheses being proposed to explain drug resistance (21), but nonetheless this remains a field of intense dispute (19, 27) . In this study, we aimed to contribute to the elucidation of the antimalarial mechanisms of action of QN, using S. cerevisiae as an experimental eukaryotic model to obtain the transcriptional profile of the response to a very mild concentration of QN. This gentle treatment minimized the disturbing effects of QN on plasma membrane spatial organization, a characteristic trait of the action of lipophilic drugs. This experimental design resulted in the observation of a more specific response of the yeast cell to QN instead of a broader stress response with extensive nutrient starvation that is typical of significant plasma membrane disorganization. Indeed, many chemogenomic studies that have been carried out with yeast were performed under severe growth inhibition conditions or even during stress-induced death in the adaptation phase, where the most specific drug effects might be masked by the more general stress response. Our experimental strategy yielded a relatively small data set, comprising only 156 genes that were differentially expressed.
The transcriptional profile obtained is representative of a glucose limitation response to the drug, even though glucose is present in the growth medium at saturation concentrations. This response is underlined by the activation, among others, of SNF3, MTH1, HXT2, HXT4, HXT6, and HXT7 expression. Furthermore, the transcriptomic profile is reminiscent of recent global profilings of the yeast transcriptomic response to glucose limitation (5, 26, 60) . Up to 30% of our entire upregulated data set is coincident with the subset of ORFs with specifically higher expression under glucose limitation condi- (38, 40) . However, the most important hexose transporters under physiological conditions seem to be Hxt1 to -4 and Hxt6 and -7. Transcription of the high-affinity hexose transporters HXT6 and HXT7 is induced only by low levels of glucose, and the same is observed for the HXT2 and HXT4 genes, which are induced via a pathway that responds to signaling of Snf3p (34), a low-glucose transmembrane sensor. Snf3p and Mth1p are both repressed by glucose in a Mig1p-dependent pathway (23) . Interestingly, the transcriptional level of the uncharacterized ORF YKR075c was 4.1-fold activated in our screen; this gene has also been suggested to operate under low levels of glucose, with a pattern of transcriptional regulation similar to those of HXT2 and HXT4 (31, 37) . Our results point to a relief of the glucose repression phenotype that has the transcriptional repressor Mig1p at its core. Indeed, this protein is found at the center of a hypothetical regulatory network obtained for this data set. When glucose repression through Mig1p and Mig2p is relieved, MTH1 and SNF3 are activated (23) , which is in tandem with the 9-fold and 3.4-fold activations registered for MTH1 and SNF3, respectively. These insights are further corroborated by the observed activation of hexose transporters with moderate and high affinity for glucose. The glucose limitation response found in the presence of QN is probably a consequence of glucose transport inhibition by QN, either competitively or not. Glucose transport is inhibited by QN, with the affinity constant K m for glucose significantly increased when QN is added simultaneously with glucose while maintaining the V max . The fact that the inhibition is much more extensive (with a decreased V max in addition to a higher K m ) when the cells are preincubated with QN before initiating the transport assays might be a reflection of this lipophilic drug's action on the plasma membrane. The observed inhibition of glucose uptake is thus probably a consequence of mixed effects with different specificities in its mechanisms of action. The component of competitive inhibition is suggestive of the uptake of QN mediated by the hexose transporters in competition with glucose uptake. Two experimental lines of evidence support this hypothesis: (i) the individual deletion of seven hexose transporter-encoding genes (HXT1, HXT2, HXT3, HXT4, HXT5, HXT8, and HXT10) resulted in increased QN resistance for the corresponding deletion strains; (ii) the intracellular accumulation of QN in the deletion mutants tested (⌬hxt1 and ⌬hxt2 mutants) was reduced from that for parental strain cells. The measured reduction (ca. 20%) is not very significant but can be explained by a complementation effect provided by the redundant set of glucose transporters expressed at any time. Interestingly, drug uptake by the yeast hexose permeases has been previously described for arsenic trioxide (30) , and those authors argue that this promiscuity by the hexose transporters is due to possible conformational similarities between glucose and arsenic trioxide molecules. In the case of QN, such similarities apparently cannot be invoked, but still, the experimental evidences shown point to a direct action of QN over the hexose transporters, which might be drug targets and/or have a role in QN import.
On the other hand, even if glucose uptake inhibition is the major effect of QN identified in this study, the results also suggest that the hexose transporter proteins might not be the sole targets of QN in yeast cells. Namely, the different levels of drug susceptibility exhibited by seemingly unrelated deletion strains (Table 1) , as well as the kinetics of glucose uptake when cells have been preincubated with QN, are indicative that a set of nonidentified factors may be operating, possibly as part of the yeast general stress response program.
The results obtained in this study with the yeast model can be tentatively extrapolated to Plasmodium falciparum. The intraerythrocytic malaria parasite depends totally on the uptake of glucose from the external medium to fuel glycolysis and thereby generate ATP (58) . Remarkably, while the yeast genome encodes a multitude of hexose uptake and sensing systems for low or high levels of sugar availability, glucose uptake in P. falciparum is mediated by the PfHT1 gene, a single-copy gene with no close paralogues, encoding a hexose transporter with a high level of homology with those corresponding to the yeast hexose transporter genes (41, 58) . PfHT1, being the sole importer of the parasite's key energy substrate, is a worthy drug target for antimalarial therapy. Interestingly, studies are being performed for that objective, and hexose transport across the parasite's plasma membrane has been shown to be inhibited in vitro by an O-3-hexose derivative (41) . On the other hand, the mechanisms that contribute to QN import and accumulation in Plasmodium cells are still a topic of study and debate. Passive diffusion of the drug across the parasite's membrane, which has been accepted for years to explain QN uptake into the cell, is now thought to account for only a fraction of QN accumulation. Indeed, the very high uptake rate of chloroquine into Plasmodium cells has raised questions pertaining to the existence of permeases that import quinoline drugs into the parasite cell (8, 14, 44) , and recent work by Sanchez and coworkers (43) sustains that high accumulation of QN in the parasite is brought about by a carrier-mediated import system, but this putative QN transporter(s) was not identified. Comparable observations have been made for yeast with quinidine, a diastereomer of QN whose uptake into the yeast cell is extremely rapid (35) . The uptake assays reported by the authors were carried out at an external pH of 5.5, at which quinidine (and QN) is basically in the single protonated form and not in the highly lipophilic unprotonated form which could pass freely through the plasma membrane by passive diffusion (57) , implying the existence of alternative permeation pathways for quinidine in yeast. In conclusion, we believe that PfHT1 should be examined as an interesting candidate for these unknown QN carrier systems in P. falciparum. Our observations that QN inhibits glucose uptake in vivo in yeast suggest that this compound might have an antimalarial effect due to inhibition of PfHT1, with the consequent deprivation of the parasite of glucose. Interestingly, a similar substrate and inhibitory role of QN has already been described by several authors for the P. falciparum drug pump encoded by the VOL. 53, 2009 QUININE-INDUCED GLUCOSE UPTAKE INHIBITION 5221
PfMDR1 gene (18, 42) . We conclude that PfHT1 is an interesting candidate target of QN, and this working hypothesis is considered to be worth testing in Plasmodium studies.
